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Abstract

The accuracy of the 1992 National Land-Cover Data (NLCD) map is assessed via a probability sampling design incorporating three levels
of stratification and two stages of selection. Agreement between the map and reference land-cover labels is defined as a match between the
primary or alternate reference label determined for a sample pixel and a mode class of the mapped 3 x 3 block of pixels centered on the
sample pixel. Results are reported for each of the four regions comprising the eastern United States for both Anderson Level I and II
classifications. Overall accuracies for Levels I and II are 80% and 46% for New England, 82% and 62% for New York/New Jersey (NY INJ),
70% and 43% for the Mid-Atlantic, and 83% and 66% for the Southeast.
~ 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The Multi-Resolution Land Characteristics Consortium
(MRLC) sponsored the production of the 1992 National
Land-Cover Data (NLCD) of the contenninous United
States (Loveland & Shaw, 1996). The NLCD was created
from early 1990s Landsat Thematic Mapper (TM) imagery,
augmented by a suite of geospatial ancillary data. It displays
21 thematic classes employing a modified Anderson, Hardy,
Roach, and Witmer (1976) land use and land cover classi-
fication system (Vogelmann et al., 200 I). The 1992 NLCD
represents the first continuous coverage, seamless land-
cover map produced for the contenninous United States.
The accompanying accuracy assessment represents one of
the first efforts to evaluate the accuracy of a national land-
cover map employing a detailed classification scheme
(Anderson Level II) at a 30-m pixel resolution.

NLCD construction is organized by 10 EPA Federal
administrative regions. The accuracy assessment is simi-
larly organized, with implementation and analysis con-
ducted separately in each region. The four regions
comprising the eastern U.S. are New England, New
York/New Jersey (NY/NJ), Mid-Atlantic, and Southeast
(Fig. 1, Table 1). Although some regional variation in
protocol and implementation exists, the accuracy assess-
ment strategies employed in each region share a common
general framework. The sampling design criteria applied
to all four regions are that the design should: (1) satisfy
protocols defining a probability sample; (2) provide
adequate sample sizes for estimating user's accuracies
with acceptable precision; (3) be cost efficient regarding
materials (e.g., aerial photography) required to obtain the
reference classification; and (4) achieve a spatially well-
distributed sample.

The objectives of this article are to document the accu-
racy assessment protocol and to report accuracy results for
the four regions of the eastern U.S. Yang, Stehman, Smith,
and Wickham (200 I) provide a condensed overview of this
methodology and report accuracy aggregated over all four
regions. Other portions of the NLCD accuracy assessment

.Corresponding author. Tel.: +1-315-470-6692; fax: +1-315-470-
6535.

E-mail address: svstehma@Syr.edu (S. V. Stehman).

0034-4257/03/$ -see front matter C 2003 Elsevier Inc. All rights reserved.
doi:1 0.1 0 16/80034-4257(03)00128-7

.SUN>: College of Environmental Science and Forestry, 320 Bray Hal/, Syracuse. NY /32/0, USA
b Landscape Characterization Branch, US. EPA, E243-05, Researr:h Triangle Park. NC 277//, USA

.National Center for Environmental Researr:h, U.S. EPA, /200 Pennsylvania Ave. NW, Washington, DC 20460, USA
d Science Applications International Corporation (SA/C), EROS Data Centel; SiolLr FalLt, SD 57/98, USA

Received 9 August 2002; received in revised fonn 24 April 2003; accepted 3 May 2003



S. ~ Stehman et a/. / Remote Sensing of Environment 86 (2003) 500-5/6 501

Fig. I. Location map. Federal region boundaries are depicted using solid lines and state boundaries are depicted using dotted lines. The eastern U.S. study area
is shown in gray.

methodology have been described by Stehman, Wickham,
Yang, and Smith (2000), Zhu, Yang, Stehman, and Cza-
plewski (1999, 2000), and Yang, Stehman, Wickham.
Smith, and VanDriel (2000).

2. Methods

Table I
Regional distribution of mapped land-eover (% of area) for the 1992 NLCD
Level II classification

6.485
2.520

6.882
1.968

0.378 1.232 0.339 0.618

The description of the NLCD accuracy assessment meth-
odology focuses on three primary components (Stehman &
Czaplewski, 1998): (I) the sampling design, which deter-
mines the spatial locations at which the reference data are
obtained; (2) the response design, which details how the
reference data are obtained; and (3) the analysis plan for
producing the accuracy estimates. Each component will be
described in detail in subsequent sections. Because the 1992
NLCD final product is delivered unfiltered and unsmoothed
at a 30-m pixel resolution, the accuracy assessment meth-
odology is applied to this 30-m product.

Describing the accuracy of the 1992 NLCD map is the
primary objective of this assessment. Description focuses on
the error matrix and accompanying summary measures
including overall, user's and producer's accuracies. Stan-
dard errors for these estimated summary measures are also
reported. Error matrices are constructed with the rows
representing the map land cover and the columns represent-
ing the reference land cover. Accuracy results are reported
for each of the four eastern mapping regions at both Levels I
and II.

1.249 1.083 0.521 0.792

0.198 0.048 0.014 0.073

0.064 0.129 0.470 0.104

1.238 0.070 0.521 2.284

27.122 31.882 47.292 22.961

17.20617.112 5.464 5.529

24.053
0.264
1.742
4.741
0.911

16.405
0.000
9.198

12.237
0.748

9.968
0.000

18.623
5.067
0.142

11.428
0.000

10.337
13.331
0.419

3. Sampling design

The sampling design employed a nested, hierarchical
partition of the eastern U.S. constructed of spatial units of
four different sizes: 30 m pixels, primary sampling units
(PSUs) which were clusters of pixels, geographic strata
containing the PSUs, and mapping regions encompassing
the geographic strata (Fig. 2). Each of the four mapping
regions constituted a separate sampling objective, and these

II-Water
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residential
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industrial
31 Bare rock!

sand/clay
32 Quarries!

strip mining
33 Transitional

land
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forest
43 Mixed forest
51 Shrubland
81 Pasture/hay
82 Row crops
85 Urban!

recreational

grasses
91 Woody

wetlands
92 Emergent

wetlands

.683 9.5523.401 2.906

0.716 0.826 2.045.268
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sampled. For geographic strata extending outside the map-
ping region, PSUs not in the mapping region remained
eligible to be selected so that the number of PSUs was equal
for all geographic strata. However, if a PSU outside of the
mapping region was selected, no sample data were collected
for that PSU. Pixels within the sampled first-stage PSUs
were next stratified by mapped Level II land-cover class. At
the second-stage, a simple random sample of pixels was
then selected from the first-stage sample pixels within each
land-cover class stratum. The target sample size for each
stratum was 100 pixels.

The NY IN J region was the first region assessed. Data were
collected from two sampling designs (Zhu et al., 2000). For
the "general" design, PSUs were organized into geographic
strata and the first-stage selection protocol common to all
mapping regions was implemented. However, stratification
by land-cover class was not employed at the second stage in
the NYINJ general design. Instead, sample pixels were
selected without regard to land-cover class, with 4 pixels
targeted per PSU. Sample sizes for the rare map classes were
expected to be small, and user's accuracy estimated impre-
cisely with only these data. Consequently, a second design
was implemented to augment the following rare classes: high-
density residential (22), commerciaVindustrial (23), bare
rock/sand/clay (3]), quarries/strip mine (32), transitional land
(33), urban/recreational grasses (85), and emergent wetland
(92). This "rare class" design followed the two-stage, strat-
ified protocol subsequently employed in the other three
mapping regions. A difference between the results reported
here for the NYINJ region and those presented in Zhu et al.
(2000) is that the data from the two samples are now
combined in the accuracy estimates. In the earlier work,
results were reported separately for the different sampling
designs. In all subsequent regions assessed, the initial "two-
design" approach implemented in NYINJ was modified in
favor of a simpler, single design in which stratification was
employed at the second stage of the selection protocol.

In summary, the sampling design can be characterized as
having three levels of stratification, mapping region, tessel-
lation cell (i.e., collection of PSUs), and map land-cover
class, and two stages of selection, the first-stage selection of
PSUs followed by a second-stage selection of pixels. The
sampling protocol satisfied the four desirable design criteria
specified in Section]. Stratifying by map land-cover class
was employed to ensure adequate precision for estimating
user's accuracies. Restricting the sample pixels to the first-
stage sample PSUs reduced the number of air photos that
had to be purchased, thus achieving the desired reduction in
reference material cost. Without this spatial clustering,
sample pixels would have been more geographically dis-
persed requiring many more photos to obtain the reference
data. The geographic stratification improved the spatial
distribution of the sample relative to the distribution of
PSUs selected via simple random sampling. Lastly, all
phases of the design were constructed to satisfy criteria
defining a probability sample.

, r ,
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Fig. 2. Sampling structure for New England region. The geographic strata
are shown using a dashed line. Selected PSUs are shown using a thick solid
line and state boundaries are shown using a thin solid line. The circled PSU
in south-central Maine is "exploded" to show the SSUs, the pixels.

regions represented the first level of stratification of the
design. The next level of stratification employed geographic
strata consisting of the PSUs within each of the four regions.
In three of the mapping regions, these geographic strata
were 15' by 15' sections and, in the larger Southeast region,
30' by 30' sections were employed. Each geographic stratum
was further subdivided into an equal number of PSUs, each
PSU approximately 6 by 6 km. The PSUs formed a
tessellation obtained by a tiling of NAPP photographs in
which only interior, non-overlapping areas of the photo-
graphs were used. Each PSU was a cluster of pixels, and a
pixel was the ultimate or secondary sampling unit.

In the first stage of the sampling protocol, one PSU was
randomly selected from each geographic stratum. Because
alI geographic strata have the same number of PSUs, each
PSU in a mapping region had the same probability of being



and defined agreement as a match between a mode map
class and either the primary or alternate reference label of
the sample pixel. For this definition, it is possible for several
classes to qualify as modes. In such cases, agreement was
declared if any map mode class matched either the primary
or alternate reference label. If more than one map class
qualified as a mode but none matched the primary or
alternate reference label, the error matrix row location of
that sample pixel was determined by the map label of the
center pixel. The definition of agreement based on a 3 x 3
pixel support region was applied to both Level I and II of
the NLCD. When applied to Level I, the pixels in the
support region were converted to Level I classes prior to
determining the mode map class(es).

The reference land-cover classifications were obtained by
photointerpreting 1 :40,000-scale National Aerial Photogra-
phy Program (NAPP) black-and-white or color infrared film
acquired during the period 1989-1993, a time span approx-
imately concurrent with the dates of the TM imagery used to
produce the 1992 NLCD. Each sample pixel was located on
the Landsat three-band composite TM spectral image using
the spatial coordinates specified by the sampling design.
Locating the sample point on the spectral image instead of
the classified image maintained interpreter ignorance of the
map land-cover label of the sample pixel. Accurately locating
the sample point on the non-georeferenced NAPP prints was
aided by visually consulting spatial patterns evident on the
TM color composite image (Zhu et al., 2000). Interpreters
determined the most likely (i.e., primary) land-cover class for
each pixel, and had the option of providing one alternate
reference land-cover label. A photo interpreter confidence
rating of the assigned primary reference label was included
in the response design protocol (Yang et al., 2000). Photoin-
terpretation was conducted by different teams of interpreters
for the different mapping regions resulting in some regional
variation in the response design. Interpreter training and
quality control procedures also varied among regions.

S. Analysis

5.1. Estimating accuracy

The analysis is derived from the general estimation theory
of probability sampling (cf. Siirndal, Swensson, & Wretnlan,
1992). The analysis requires determining the inclusion
probabilities resulting from the sampling protocol (Stehman,
2001; Stehman & Czaplewski, 1998), where an inclusion
probability is the probability that a particular pixel is
included in the sample. Inclusion probabilities are necessary
to construct statistically consistent estimates of accuracy.

The two-stage structure of the sampling design generates
inclusion probabilities for each stage. The first-stage inclu-
sion probability, denoted 7t\u, is determined by the protocol
used to select the sample of PSUs. By construction, all
geographic strata within a mapping region had the same
number of PSUs, K. Consequently, the probability of
selecting any particular PSU was IlK. Each pixel within a
PSU was sampled with the same probability as its contain-
ing PSU, so 1C\u= IlK for each pixel in the mapping region.

At the second stage, those pixels selected in the first-stage
sample were stratified by their mapped land-cover class.
Consider a particular land-cover class denoted by the sub-
script h. Suppose Nt pixels mapped as class h were
contained in the first-stage sample of PSUs. A simple
random sample of size nh of these class h pixels was selected
from the Nt pixels available. Conditional on the selected
first-stage sample, the second-stage inclusion probability for
each pixel of class h was 7tZ.\hu = nh/Nt. Consequently, the

4.1. Defining agreement

Table 2
Overall accuracy (% :!: standard error) by region for Level I and Level II
NLCD using the mode definition of agreement

The response design protocol requires specifying a defi-
nition of agreement when comparing the map and reference
cJassifications. Two imperfections in reference data collec-
tion influence this definition: inability to precisely co-regis-
ter the reference and map locations (i.e., positional
uncertainty), and difficulty in assigning a single, crisp
reference label to a pixel (i.e., land-cover class ambiguity).
Positional and thematic uncertainty are not independent
(Lanter & Veregin, 1992), and different definitions of agree-
ment assign different emphasis to these sources of uncer-
tainty in the reference data. For example, defining agreement
as a match between the map label and the primary reference
label imposes a crisp set reference labeling protocol and
accommodates neither positional uncertainty nor thematic
ambiguity. Both sources of uncertainty can be factored into
the definition of agreement by introducing additional infor-
mation related to the map attribute, the reference attribute, or
both. For example, if both a primary and an alternate
reference land-cover label are provided, agreement may be
declared if the map class matches either the primary or
alternate reference label. This definition accommodates
thematic ambiguity of the reference data.

Agreement may also be defined on the basis of a spatial
support region (e.g., a 3 x 3 block of pixels centered on the
sample pixel) and either map or reference data contained
within this support region. For the NLCD mode definition
of agreement, we used the map labels to determine one or
more modal land-cover classes for a 3 x 3 support region

Region Level II Level I

46:f:2.2
62:f: 1.4
43:f:3.9
66:f:2.0

80 :t ).7
82:t 1.2
70:t 2.6
83 :t 1.4

New England
New YoJi(/New Jel1;ey
Mid-Atlantic
Southeast
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Table 7
Regional comparison of class-specific accuracy. mode definition of agreement

Class User's accuracy (%)

NY/NJ Mid-Atlantic

Producer's accuracy (%)

NY/NI Mid-Atlantic SoutheastSoutheast

(a) I
II

21
22
23
31
32
33
41
42
43
81
82
85
91
92

97
48
39
43
29
35
52
48
38
39
48
32
24
27
32

98
72
57
72
15
53
7

61
92
55
42
62
62
17
68

92
45
14
67

I
35
42
47
39
32
27
62
42
24
65

97
73

34

38
48
43

47

64
56
86
47

40

63
68
77

92
50
60
40
2

]2

24
6]

35
49
]7

70
]9

44
22

94
56
61
37
20
69
3

84
34
68
49
53
47
30
53

88
40

15
23

100

54
10

74
36
22
52
27
15
25
71

90
61
37
45
80
64
37
83
96
53
19
31
23
71
85

(b) Levell
10 97
20 69

30 56

40 82

80 59

90 55

98
87
35
84
79
42

91
72
44
70
7S
3S

97
72
52
91
83
82

92
66
13
95
53
58.

88
56
22
86
64
36

94
69
27
90
74
53

84
71
72
94
38
88

inclusion probability of pixel u, incorporating both stages of
sampling (Siimdal et al., 1992, Chapter 9), was

Table 8
Estimated accuracy (%) using center pixel and mode agteement definitions,
and homogeneous map land-cover subset: New England region

7th.. = 7t2.lh..7tI.. = (nh/N:)(I/K). (I)

In some cases, pixels selected for the sample were not
interpreted (e.g., no photo could be located). These pixels
were regarded as missing at random, and nh in the formula
for 7th.. was revised to the number of sample pixels in the
stratum for which reference data were obtained.

The NYINJ region was analyzed in the same way, but the
underlying rationale for the analysis requires different justi-
fication. In this region, a supplemental sample was employed
to augment the general sample to increase the sample size for
several rare classes. The supplemental rare-class sample was
chosen from the same first-stage sample PSUs selected by
the general NY INJ design. For the general sample, a post-
stratified analysis (Siirndal et al., 1992, Sections 7.6 and
7.10.2) was employed in which the poststratified, conditional
inclusion probabilities were 7t2.lh..=nh'IN:, where n~ is the
number of sample pixels of class h observed in the general
design. For the supplemented rare classes, the data from the
two samples were combined. The sample size (nh) used to
compute 7th.. (Eq. (I)) for the rare-class stratum h was the
total number of pixels in the sample from both the general
and rare-class designs. This derivation of 7thu is justified by
recognizing that the poststratified, conditional inclusion
probability from the general design is that of a stratified
random sample, and the pixels brought in from the rare-class
design are also selected by a stratified random protocol. A
stratified random sample augmented by another stratified

Class User's accUJacy Producer's accuracy

Center Mode Homogeneous Center Mode Homogeneous

(a) Level II (n= 1573 for center and mode definitions, n= 413 for

homogeneous subset)
II 99 97 100 92 92 77
21 48 48 60 53 50 97
22 35 39 39 55 60 II
23 46 43 61 38 40 89
31 28 29 69 3 2 67
32 27 35 60 12 12 100
33 46 52 40 24 24 62
41 48 48 58 66 61 81
42 41 38 59 34 3S 41
43 37 39 33 46 49 25
51 58 75 85 4 3 19
81 50 48 91 16 17 40
82 24 32 19 48 70 46
8S 24 24 30 24 19 50
91 ~9 27 24 56 44 52
92 27 32 76 24 22 87
Overall 46 46 56 ---

(b) Level I (n= /573 for center and mode definitions. n= 676for
homogeneous subset)
10 99 97 100 92 92 77
20 63 69 79 66 66 89
30 50 56 62 17 13 50
40 82 82 94 93 95 97
50 58 74 85 4 3 12
80 56 59 88 48 53 80
90 41 55 71 69 58 97
Overall 78 80 90 ---

.eve! 

II
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Estimating the parameter Nij, the number of pixels in the
region that belong to cell (i,n of the error matrix, serves as
the starting point of the analysis:

Nij = L WhuYhu(i,j), (3)
~

where Es indicates summation over all sample pixels. Once
N Ii is calculated for all cells of the error matrix, we can
construct the following estimators (the parameter estimated
is listed in parentheses and q denotes the number of land-
cover classes):

random sample, both selected from the same first-stage
sample PSUs, is stilI stratified random, and the appropriate
inclusion probability is 7tZ.lhu = nh/N; (Rao, .1985).

The inclusion probabilities are known for alI pixels in the
sample, and they are greater than zero for alI pixels in the
mapping region. These two conditions establish the proba-
bility sampling basis of the design. Eq. (I) also shows that
within each mapping region, alI pixels mapped as Level II
land-cover class h had the same inclusion probability.
Stratified random sampling formulas were applied to esti-
mate the error matrix and associated summary measures. We
next develop these general estimation formulas.

LetYhu(i,j) be the observation recorded for sample pixel
u, where the h subscript indicates that pixel u was selected
from stratum h. DefineYhu(i,j) = I if the agreement definition
results in pixel u belonging to map class i and reference class
j in the error matrix; otherwise, Yhu(i,j) = 0 (i.e., pixel u does

not falI into celI (i,j) of the error matrix). Note that i andj
may refer either to an Anderson Levell or Level II class, but
h is always a Level II class determined by the original
stratification. The value ofYhu(i,j) depends on the definition
of agreement employed. The estimation weight associated
with pixel u is the reciprocal of the inclusion probability,

I KN: (2)

(4)
q q

N = LLNij (total number of pixels mapped)
i j

(5)

q
A+ = LPij (proportion of pixels mapped as class i)

i

(6)q
P+j = LPij

(7)-=-Whu =
7th.. nh

Whu is not affected by the definition of agreement because it is
detennined by the sampling design, not the response design.

(proportion of pixels belonging to reference class j)

q
1> = LPjj (overall proportion correctly classified) (8)

Table 9
Estimated accuracy (%) using center pixel and mode agreement definitions, and homogeneous map land-cover subset: New York/New Jersey region

91

17
18
16
12

23
3

67
2S

38
61

23

24
27
28

93
56
29
20
20
18
3

77
33
68
65
26
27
30
35

94
56
61
37
20
69
3

84
34
68
49
53
47
30
53

100
83
88
62
52
63
88
98
~2

93
10

91

(a) Level II (n = 1359 for center and mode definitions, n = 463 for homogeneolLf subset)

II 94 94 98 100
21 25 59 72 83
22 50 52 57 62
23 63 67 72 100
31 77 79 15 75
32 64 64 53 53
33 40 40 7 54
41 49 57 61 71
42 80 84 92 94
43 18 44 55 71
81 30 33 42 46
82 59 64 62 86
85 61 63 62 100
91 14 18 17 II
92 67 69 68 71
Overall 47 S5 62 76

91
45

9
85
66
34

94
55
12
89
71
41

94
69
27
90
74
53

94
68
94
97
60
52

(b) Level I (n = 1359 for center and mode, n = 838 for homogeneous subset)

10 94 94 98 100
20 72 83 87 95
30 63 63 35 61
40 76 80 84 89
80 69 76 79 89
90 31 34 42 74
Overall 74 79 82 88

The estimates in column CenterP are based on agreement defined as a match between the map label and primary reference label.

Pij = NijlN

(proportion of pixels in cel1(i,j)of the error matrix)
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A;/fi;+ (user's accuracy for map class i) (9)

Pii/P+j (producer's accuracy for reference classj) (10)

These general fonnulas possess the flexibility to accommo-
date different definitions of agreement (i.e., simply change
Yhu(i,j) to correspond to the definition desired), and they are
applicable for estimating accuracy parameters for various
subsets of the sample. For the simplest case in which the
stratum class h corresponds to the map class i, the general
fonnulas reduce to familiar stratified sampling fonnulas
(Card, 1982). However, the formulas also apply to those
definitions of agreement for which the stratum class, h, and
row of the error matrix, i, differ. For example, for the
agreement definition based on the mode, suppose the map
label of the sample pixel (i.e., center pixel in the support
region) is class 81 (pasture/hay), but the mode class of the
support region is class 82 (row crops). The estimation
weight (Whu) of that pixel is determined by 7thu for the class
81 stratum, but the map class of this sample pixel is class 85
in the error matrix cell entry. The inclusion probability is
identified by the class 81 map label because it is this center
pixel label, not the mode label, that is used in the sample
selection protocol. Changing a pixel's map label after the
sample has been selected does not retroactively change 7thu
because 7thu is determined at the time the sample is selected.

Because practical exigencies made it difficult to unambig-
uously recover the PSU identities of all sample pixels in each
of these four mapping regions, we used map polygons instead
of the design PSUs as clusters in the variance approximation.
A map polygon is a collection of contiguous pixels, all of the
same land cover. Map polygons are defined based on the
Level II classification. To ensure that replacing the PSUs with
the map polygons had no significant effect on the estimated
standard errors, we compared the standard elTors computed
from both approaches using data collected for three mapping
regions outside the eastern u.s. for which we had access to
both PSU and map polygon information. In all three of these
other mapping regions, negligible differences arose between
the standard errors derived from clusters defined as the PSU
and those derived from the map polygon clusters. Incorpo-
rating the cluster structure in the standard elTors resulted in
higher standard errors, as expected, than standard errors
derived from a binomial model, which assumes independent
sample observations. The comparison of variance estimators
is shown for one region in the table of Appendix A.

6. Results

For the mode definition of agreement, estimated overall
accuracy for the Level II classification ranges from a low of

5.2. 

Variance estimation

Siimdal et al. (1992, Section 9.4) discuss a general
approach to variance estimation applicable to two-stage
sampling designs. For the NLCD analyses, a variance ap-
proximation (see Appendix A) is employed permitting use of
estimation procedures available in Statistical Analysis Soft-
ware (SAS, Version 8.2, 2001). The approximation treats the
design as a cluster sample in which each PSU contains pixels
of only a single map class. These PSUs are then sampled by a
stratified random design. The SAS variance approximation
treats pixels from different strata as belonging to different
cluste~, even though in the actual NLCD design, pixels from
different strata may fall within the same PSU. The SAS
variance algorithm estimates only the among-PSU (first-
stage) variance component of the two-stage design. This
approximation, typically employed in sampling practice, is
justified by the dominance of the among-PSU variance
component over the smaller within-PSU (or second-stage)
variance component (Samdal et al., 1992, Section 4.3).
Because the accuracy estimato~ (Eqs. (8)-(10» are ratio
estimato~, a Taylor series linearization (Siimdal et al., 1992,
Section 5.5) is used in the variance approximation. The
.variance approximation incorporates several key design fea-
tures, specifically the stratification by mapped land-cover
class, the estimation weights, and the clustering structure.
The SAS variance algorithm does not treat sample pixels
within each cluster as independent, thereby improving the
variance estimator over using simple random or stratified
random variance estimation formulas.

Table 10
Estimated accuracy (%) using center pixel and mode agreement definitions,
and homogeneous map land-cover subset; Mid-Atlantic region

Class User's accuracy Producer's accuracy

Center Mode Homogeneous Center Mode Homogeneous

(a) Level II (n= 1104 for center and mode definitions. n= 377 for

homogeneous subset)
11 87 92 100 88 88 100
21 36 45 46 21 40 77
22 27 14 13 13 15 24
23 67 67 94 13 23 60
31 15 1 14 100 100 100
32 27 35 39 8 54 100
33 41 42 42 3 10 10
41 40 47 69 76 74 79
42 33 39 70 27 36 92
43 21 32 40 1.5 22 15
81 27 27 32 57 52 71
82 58 62 67 20 27 20
85 49 42 61 2 15 11
91 31 24 43 21 25 46
92 62 65 88 57 71 80
Overall 38 43 61 -~ -

(b) Level I (n= 1104 for center and mode, n= 579 for homogeneous subset)
10 87 91 100 88 88 96
20 67 72 76 29 56 78
30 44 44 49 5 22 10
40 65 70 84 88 86 93
80 73 75 87 63 64 85
90 41 35 55 31 36 40
Overall 67 70 84 ---
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46% in tile Mid-Atlantic region to a high of 66% in the
Southeast region. For the Level I classification, overall
accuracy ranges from 70% in the Mid-Atlantic to 83% in
the Southeast (Table 2). Standard errors for estimated
overall accuracy range between 1% and 4%.

The es1:imated error matrices, user's and producer's accu-
racies, and standard errors are provided in Tables 3-6 to
document the regional, class-specific accuracy for Levels I
and II. Approximate 95% confidence intelVals for the sum-
mary accuracy parameters may be constructed using the
estimated accuracy:!: 2 standard errors. The usual interpre-
tation of an error matrix applies: the diagonal elements
display information on correct classifications, and the off-
diagonal j~lements identify misclassifications. Rather than
attempt to sununarize the detailed information encapsulated
in the error matrices, we leave it to the reader to extract
accuracy information relevant to an intended application of
the 1992 NLCD. User's and producer's accuracies are orga-
nized by region in Table 7 to facilitate regional comparisons
of class-specific accuracies.

Because accuracy depends on the definition of agree-
ment, cla:,s-specific accuracy estimates are provided for
several other settings in Tables 8-11. In the first setting,
the map label of only the sample pixel is used, as opposed to
the 3 x 3 map support region used in the mode definition of
agreement (see results in Tables 3 -7). Accuracy estimates
constructed on this basis do not take into account confound-

ing attributable to misregistration between the reference and
map locations. Agreement is defined as a match between the
map class and either the primary or alternate reference label
(column labeled Center in Tables 8-11). For the NYINJ and
Southeast regions, results are also reported for a second
definition of agreement (column labeled CenterP in Tables 9
and 11), where a match is declared if the map label matches
the primary reference label (the alternate reference label, if
present, is ignored). This is the strictest definition of
agreement, permitting no allowance for location uncertainty
or thematic ambiguity. In the New England and Mid-
Atlantic regions, few pixels were assigned alternate labels,
so results based on using both the primary and alternate
reference labels differ little from those using only the
primary label. The final set of results (column labeled
Homogeneous in Tables 8-11) are derived from the subset
of sample pixels for which all pixels in the 3 x 3 map
support region consist of a single map class (i.e., homoge-
neous map land cover). Accuracy estimates derived from
this homogeneous subset are largely immune from the
effects of spatial misregistration. Results for the mode
definition of agreement used to construct the full error
matrices are included for comparison.

Accuracy results based on the center pixel definition of
agreement (match with primary or alternate reference label)
are slightly lower than those estimated from the mode
agreement definition (Tables 8-11). For the regional overall

Table II
Estimated accuracy (%) using center pixel and mode agreement definitions, and homogeneous map land-cover subset: Southeast region

Class User's accuracy Producer's accuracy

76
30
14
32
74
32
17
64
79
38

I

3
18
46
71

88
39

30
39
84
58
31

76
88
51

2
4

28
64
83

90
61
37
45
80
64
37
83
96
53
19
31
23
71
85

96
55
29
54
96

100
50
93
97
24
3

II

23
94
94

(a) Level II (n = 1474 for center and mode definitions. n = 469 for homogeneolU subset)

11 89 94 97 100
21 46 58 73 38
22 11 28 34 23
23 33 40 38 65
31 33 45 48 57
32 35 38 43 48
33 29 36 47 40
41 48 65 64 86
42 34 46 56 80
43 64 80 86 100
81 29 55 47 69
82 57 63 40 82
85 41 59 63 50
91 43 68 68 77
92 61 69 77 96
Overall 48 62 66 81

(b) Level I (n= 1474 for center and mode, n = 713 for homogeneous subset)

10 89 94 97 100
20 57 69 72 83
30 36 46 52 50
40 79 90 91 94
80 58 72 83 95
90 64 78 82 90
Overnll 69 80 83 89

76
46
49
86
13
74

88
59
74
92
19
85

84
71
72
94
38
88

96
87
69
96
16
93

The estimates in column CenterP are based on agreement defined as a match between the map label and primary reference label.
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estimates, the decrease in accuracy using this definition of
agreement relative to the mode definition ranges from 0% to
7% at Level II and from 2% to 3% at Level I, and the class-
specific accuracies are lower than the mode accuracies for
most, but not all classes. The accuracies derived from the
homogeneous subset are considerably higher than the accu-
racies based on the full sample. The increase in the class-
specific accuracies relative to the mode definition ranges
from 10% to 18% for Level II and from 6% to 14% for
Level I. These findings are consistent with the general
expectlltion that using only homogeneous areas of the map
for accuracy assessment will overestimate accuracy (Ham-
mond & Verbyla, 1996). For the NLCD, excluding hetero-
geneous areas omits a significant proportion of the mapped
area. For the four regions, the percent of the sample
represented by the homogeneous subset ranges from 26%
to 34% at Level II and from 43% to 62% at Level I.
Although not useful to characterize accuracy of the NLCD,
the homogeneous subset results do provide quantitative
insight into differences in error rates between edge versus
interior pixels. Comparison of the CenterP and Center
columns of Tables 9 and II illustrates the impact of thematic
ambiguity on the accuracy estimates in these two regions.

advantage of using the existing 1992 NLCD accuracy
design is that the first-stage PSUs provide a legitimate
frame from which a variety of design adaptations may be
implemented depending on the specific objectives of an
assessment. In the change detection application, a signifi-
cant savings on aerial photography costs for the 1992
NLCD reference data could be achieved because much of
the photography already purchased for the current assess-
ment would cover sample locations selected in a change
detection assessment based on the same design.

The class-specific standard errors show a general ten-
dency for user's accuracy to be estimated more precisely
than producer's accuracy. In some cases, the producer's
accuracy standard error is high. This phenomenon is the
result of signing the sample to satisfy the criterion of precise
estimation of user's accuracies. User's accuracy precision is
controlled by the sample allocation to the map land-cover
class strata. The allocation chosen in the 1992 NLCD,
however, creates highly variable estimation weights among
strata. Estimating producer's accuracy requires combining
data across strata, and the high variation of the stratum
estimation weights may translate to large standard errors.
Stratifying by mapped land-cover class represents a decision
to favor precision of user's accuracy over precision of
producer's accuracy. Although some producer's accuracy
standard errors appear alarmingly high, this is a natural
consequence of a design tailored to ensure precision of
user's accuracy estimates.

7. Discussion

7.1. Sampling design

7.2. Response design

Ensuring consistency of the response design protocol
among different teams of interpreters is a challenging and
costly activity in a large-area accuracy assessment. Consis-
tent reference data collection protocols were implemented
within each region. Although each region received the same
general guidelines for the response design, there was flex-
ibility to interpret the instructions in different ways. Because
the response design protocol was not completely objective,
some regional differences are expected. For example, the
percent of the sample assigned an alternate reference label
varied regionally (11.5% in New England, 33.6% in NY INJ,
and 56.9% in the Southeast), with no alternate reference
labels provided in the Mid-Atlantic. Regional variability in
the assignment of alternate labels would be expected even if
the same interpreter team had assessed all four regions.
However, it was apparent that the variation in use of
alternate labels was partially responsible for the regional
differences in estimated accuracy. Multiple teams of inter-
preters are a practical reality of such a large-scale assess-
ment because of workload and timing considerations.
Methods for achieving greater regional consistency in
assignment of alternate labels should be developed. Alter-
natively, statistical calibration techniques will need to be
developed to standardize estimates for differences attribut-
able to variability in response design implementation.

Multi-stage sampling offers flexibility to tailor an accu-
racy assessment sampling design for specific objectives. In
the NLCD, the two-stage design achieved large-scale spatial
control over the sample thus reducing aerial photography
costs, and at the same time created a frame from which to
select a sample stratified by mapped land-cover class.
Consequently, two of the primary design criteria were
satisfied: limiting the cost of reference data materials and
ensuring adequate sample sizes for each map class to obtain
reasonably precise estimates of user's accuracy. Nusser and
Klaas (2003) used a similar two-stage structure, with USGS
7.5 quadrangles serving as the PSUs to achieve spatial
control over the sample and reduce field costs. Their design
also included provision for stratifying by land-cover class.
Edwards, Moisen, and Cutler (1998) is another example in
which a two-stage structure was effectively used to control
the spatial distribution of the sample, while still allowing
stratification, in this case by proximity to roads.

Because selection of the first-stage PSUs was not depen-
dent on any characteristic of the map, the NLCD two-stage
design may be adapted to other purposes. For example,
these same first-stage sample PSUs could serve as the basis
of a two-stage cluster sample for assessing the accuracy of a
change product created from the 1992 NLCD and the
proposed 2000 NLCD. Within the first-stage PSUs, pixels
may be stratified by mapped change (Biging, Colby, &
Congalton, 1998), and a stratified sample selected. An
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into the potential effects of various errors in the reference
data, thereby further enhancing the information content of
the accuracy assessment and oUr understanding of the

map's utility.
Because the reference data are obtained from aerial

photography, the estimated accUracies should be viewed as
representing agreement with interpreted land cover. Refer-
ence data collection is expensive by practically any means
implemented, and using aerial photography was the most
practical strategy given the budget and magnitude of the
NIJCD assessment. Ground visits were considered, but ruled
out as being cost-prohibitive. We also considered limited
ground visits as a check on interpretation accuracy, but
decided against this option because the number of ground
visits required to provide an assessment beyond mere anec-
dotal evidence would still be prohibitive. Ground visits to
only a few sample sites of each land-cover class would not
likely provide better information than what was already being
obtained by the quality control procedures in place for the
photointerprctation procedures. The regional accuracy results
suggest that some of the accUracy problems may be resolv-
able by implementing the interpretation protocol differently,
and/or perhaps redoing some of the interpretations. However,
given the budget available for accuracy assessment, such re-
analysis is not probable. The reported accUracy estimates
represent agreement as determined by the reference data
collection protocol, and as such are the best estimates
currently available.

7.3. Analysis

The accuracy estimators employed in the NLCD
assessment are constructed to achieve the criterion of
statistical consistency (Stehman, 2000). In practical
terms, consistent estimation requires incorporating an
appropriate weight for each sample pixel in the analysis.
These weights are determined by the inclusion probabil-
ities. Because of the stratified feature of the design,
inclusion probabilities vary considerably by land-cover
class. Consequently, the common practice of reporting
error matrices in terms of sample counts cannot be
followed here because these counts are not representative
of the population. Instead, error matrices are reported as
estimated cell proportions to properly characterize the

map population.
A second important feature of the analysis is that

standard errors are reported. Although it is conventional
statistical practice to report a standard error for each
estimate, this is not always done in accuracy assessment.
Omitting standard errors may be attributable to the
complexity of the variance estimation formulas, even
for relatively simple designs such as stratified random
sampling (without clustering). Lack of statistical software
specifically tailored to accuracy assessment is another
problem (Stehman & Czaplewski, 1998). The design-
based, survey sampling estimation procedures in SAS

The NLCD protocol defining agreement as a match
between the map class and either the primary or alternate
reference label produces results analogous to those of a fuzzy-
class assessment. In a fuzzy approach (Gopal & Woodcock,
1994), a linguistic scale value is assigned to each land-cover
class for each sample pixel, where the linguistic scale has
I = absolutely wrong, 2 = understandable but wrong, 3 = rea-
sonable or acceptable answer, 4 = good answer, and 5 = ab-

solutely right. Agreement may be defined in several ways,
most commonly via MAX and RIGHT operators. The MAX
operator defines agreement to occur when the land-cover
class with the highest linguistic scale reference value matches
the map land-cover label. The RIGHT operator is a more
liberal definition. An agreement occurs under the RIGHT
operator when the land-cover class identified by the map has
a linguistic scale value of, say, 3 or higher in the fuzzy
reference data.

To relate the NLCD results to those of a fuzzy assess-
ment, we first note that the primary and alternate reference
labels used in the NLCD protocol can be viewed as
representing the two highest linguistic scale values assigned
via a fuzzy protocol. Although the exact linguistic values of
these primary and alternate reference labels are unknown,
the primary label represents the class having the maximum
value on the linguistic scale, and the alternate label corre-
sponds to the reference class with the second highest
linguistic scale value. Consequently, the accuracy measures
derived by defining agreement as a match between the map
label and either the primary or alternate reference label are
analogous to estimates obtained by the fuzzy class RIGHT
operator. A definition of agreement using only the primary
reference label would produce results akin to the fuzzy class
MAX operator. The connection between the NLCD and
fuzzy approach based on the RIGHT operator is further
strengthened, if in the fuzzy approach, a high proportion of
the sample has Membership I or 2, where Membership is
defined for each pixel as the number of land-cover classes
for which the linguistic scale value is 3 or above. For
example, if only fuzzy Membership I or 2 values are
present, then each sample pixel has, in effect, been assigned
only a primary and one alternate label. Assessments in
which Membership values are predominantly I or 2 have
been reported by Muller et al. (1998) and Laba et al. (2002),
with the former having 100% of the sample with Member-
ship 1 or 2, and the latter having over 94% of the sample
with Membership 1 or 2.

Although it is easier to communicate results for a
single definition of agreement, in the absence of perfect
reference data, it is unclear what this one definition should
be. Reporting estimates for a variety of agreement defi-
nitions provides NLCD users the flexibility to choose a
definition relevant to their application. Neither fuzzy set
(Gopal & Woodcock, 1994) nor rough set (Ahlqvist,
Keukelaar, & Oukbir, 2000, p. 483) approaches are con-
strained to a single definition of agreement Examining
multiple definitions of agreement also provides insight



514 S. ~ Stehman et af. I Remote Sensing of Environment 86 (2003) 500-516

Appendix A

The variance estimation formula used in the SAS
SURVEYMEANS procedure is described below. The no-
tation used in this appendix follows that used in the SAS
program documentation, and therefore should be viewed
independently of notation used elsewhere in the text. The
following notation is required: Whij is the reciprocal of the
inclusion probability (weight) for pixel j in cluster j of
stratum h; Yhij is an indicator variable for pixel j in cluster j
of stratu.'ll .s, (e.g., Yhij is I if the pixel belongs to row r a."1d
column c of the error matrix, 0 otherwise); Xhij is also an
indicator variable for pixelj in cluster j of stratum h (e.g.,
Xhij is I if the pixel belongs to column c of the error
matrix, 0 otherwise).

The ratio estimator

provided a convenient way to implement variance esti-
mation for the complex design employed in the NLCD
assessment.

The high cost of sampling for accuracy assessment can
be ameliorated by more efficient, but more complex

probability sampling designs such as that implemented in
the NLCD, and the designs described in Nusser and Klaas
(2003) and Edwards et al. (1998). However, more complex
designs typically require more complex variance estima-
tors. Estimating precision is a lower priority criterion
relative to the cost and class-specific accuracy criteria
specified for the NLCD design. Achieving cost-effective-
ness by accepting an approximate, rather than unbiased
estimator of variance is a reasonable compromise given
that many accuracy assessment studies do not report
standard errors at all.

8. Summary

The objectives of this article were to document the
accuracy assessment methodology and report results for
the four mapping regions comprising the eastern United
States. Regional error matrices are provided to document
accuracy for both Levels I and II of the 1992 NLCD,
and accuracy estimates are provided for two different
agreement definitions as well as for a subset of the
sample consisting of homogeneous 3 x 3 blocks of
mapped land cover. The sampling design met the spec-
ified criteria of being a probability sample, ensuring
precision of the user's accuracy estimates via stratification
by land-cover class, and achieving cost-effectiveness via
the two-stage cluster structure. Reporting standard errors
for the estimated accuracies is another key development.
Eight of the 10 1992 NLCD mapping regions now have
accuracy assessments completed, and assessments of the
other 2 regions are in progress. Upon completion of these
two regions, the accuracy results for the national 1992
NLCD map will be reported.

can be used to estimate the different accuracy metrics by
proper choice of Xhij and Yhij. For example, if Yhij= 1 when
pixel j's map and reference labels place it on the diagonal
entry of the eITor matrix for class K (Yhij=O otherwise) and
xhij=1 if pixel j has reference class K (Xhij=O otherwise), R
estimates producer's accuracy of class K. The estimated
variance of R is then

var(k)=t~..h=1 (nh -I) L(ghi -gh..Y,
,~I

where
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Table A: Comparison of standard errors based on using
map polygons and the original PSUs as the clusters in the
variance approximation. SEPatch denotes a standard error
using the map polygon (patch) as the cluster and SEPSU
denotes a standard error using the original PSU as the
cluster. The column SEBino has results using the binomial
standard error formula, vp(l -p)/n, where p is the
estimated user's accuracy and n is the number of sample
pixels for that class. Because producer's accuracy combines
data over strata, the simple binomial standard error formula
is not available. The last two columns show the difference in
standard errors between using a patch versus a PSU as the
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II
21
22
23
31
32
33
41
42
43
51
81
82
83
84
85
91
92
All

0.96
0.85
0.24
0.49
0.59
0.33
0.56
0.61
0.63
0.75
0.52
0.33
0.16
0.90
0.64
0.57
0.43
0.35
0.64

33
91
99
94
89
98
92
96
94
92
93
94
94
98
97
9S
92
93

1634

cluster. The data are from EPA Federal Region 5 in the
midwestern u.s.
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